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ABSTRACT

Borcherdt (1994) proposed that the short- and mid-period amplification factors used to
scale the estimate of site-dependent response spectra could be calculated as a continuous
function of shear-wave velocity averaged in the upper 30 m for various input ground-motion
levels. This proposal appears to be an improvement for estimating design response spectra over
site classifications defined by soil descriptions (e.g., SEAOC, 1988) or by ranges of average
shear-wave velocity (e.g., NEHRP, 1991).

However, it is not clear that the accuracy available in current measurements of shear-
wave velocity is sufficient to support their use directly in design calculations of motion. For
example, at Gilroy #2 there are differences of about 300 m/sec in the shear-wave velocity
measurements in the upper 30 m (EPRI, 1993). In this paper, we analyze the effect of variations
of shear-wave velocity in the upper 30 m for design applications including the effects of
nonlinear soil response using an equivalent-linear site response formulation (Schnabel et al.,
1972). The analysis uses the extensive geotechnical site characterization and shear-wave
velocity measurements at Gilroy #2, a stiff soil site that has been characterized to a depth of 240
m (EPRI, 1993). Response spectral accelerations from the recorded strong motions are
compared to calculated values from the equivalent-linear analyses with several shear-wave
velocity profiles in the top 30 m.

The preliminary analyses suggest that the Borcherdt (1994) methodology works well at
this stiff-soil site for design levels of motion near 0.4 g, appropriate for many parts of California,
even though there is a difference of 60% in the measured average of the shear-wave velocities in
the upper 30 m.

INTRODUCTION
The use of the average of the measured shear-wave velocities to a depth of 30 m (100"

below the surface was incorporated by Boore et al. (1993, 1994) as a site effect term in the
estimation of peak accelerations and response spectral ordinates from earthquake ground motion
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attenuation relations. Borcherdt (1994) proposed this average in a methodology to directly
estimate the site specific response spectra for design purposes. Thirty meters is selected since in
many applications this is the typical depth of geotechnical site investigations that include
borings, detailed sample testing and occasionally shear-wave velocity measurements. An ideal
parameter may be the average of the shear-wave velocity to a depth of one-quarter wavelength
for the period of interest as proposed by Joyner et al. (1981) and used by Joyner and Fumal
(1984). However, only soils with an average shear-wave velocity of 120 m/sec or less would be
properly characterized with a 30 m boring for a period of 1.0 second. Unfortunately, the
necessary velocity measurements to a depth of one-quarter wavelength are not common.

Studies by Day (1996) and Anderson et al. (1996) have found that the response of the
upper 30 m of material has a greater influence on surface strong ground motions than might be
expected based on total thickness alone. The upper 30 m represents only 0.3% of the seismic
wave travel path for an earthquake located directly underneath a site with a typical focal depth of
10 km. The peak acceleration and velocity recorded at the surface were found to be relatively
independent of the properties below 30 m in these studies.

In this paper, we analyze the effect of variations of shear-wave velocity in the upper 30 m
for design applications including the effects of nonlinear soil response. This variability may
limit the use of velocity in design calculations of spectra and time histories. The recorded
earthquake response data at Gilroy #2 are compared to those calculated by an equivalent-linear
response analysis using the computer program SHAKE91 (Idriss and Sun, 1992) which is a
recently modified edition of the original SHAKE program (Schnabel et al., 1972). The motion
recorded at Gilroy #1 was used as the input rock outcrop motion in these analyses. The
extensive geotechnical site characterization at Gilroy #2 (Fumal et al., 1982; Fumal, 1991; EPRI,
1993) includes shear-wave velocity measurements from several methods to a depth of 240 m.
These velocity measurements show considerable variation in the upper 30 m and at greater
depths.

The intent of this study is to evaluate the usefulness of the average of the measured shear-
wave velocities in the upper 30 m. It is planned to conduct a series of ground response analyses
at the Gilroy #2 site for earthquake ground motions recorded during several events to make this
evaluation. The best estimate of the measured shear-wave velocities at this site will first be used
to compare the calculated with the recorded motions. Such evaluations were done for many sites
following the Loma Prieta earthquake and have indicated that this method of analyses provides a
reasonable estimate of the recorded motions (e.g., Idriss, 1993; Dickenson and Seed, 1991; Chin
and Aki, 1991; Schneider et al., 1991; EPRI, 1993). This study will include calculations for the
Gilroy #2 site during the Loma Prieta earthquake and two of its aftershocks in addition to the
1979 Coyote Lake and the 1984 Morgan Hill earthquakes.

These studies are underway and the final results are expected in the summer of 1997.
This paper provides preliminary results from the initial parts of the study and should be
considered a progress report.

GILROY STRONG-MOTION ARRAY

The Gilroy array is an alignment of six strong motion stations that extends across the
alluvial Santa Clara Valley in northern California. This array is a cooperative effort of the
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California Strong Motion Instrumentation Program (SMIP) and the U. S. Geological Survey
(USGS). The array is currently instrumented and maintained by SMIP. For this analysis, only
the earthquake records from Gilroy #1 and Gilroy #2 are used because they are the closest rock
and stiff-soil station pair (Fig. 1). Gilroy #1 is located just west of the western edge of the Santa
Clara Valley and Gilroy #2 is located 2 km to the east. The soil depth varies from 0 m at Gilroy
#1 to about 170 m at Gilroy #2 and deepens considerably to the east across the valley.

GEOTECHNICAL CHARACTERIZATION OF THE GILROY #2 SITE

The Gilroy #2 site has been well characterized to a depth of 240 m (790") during an
Electric Power and Research Institute study (EPRI, 1993). In summary, Gilroy #2 is underlain
by stiff soil to a depth of 168 m (550"). Loams, sands and clays of Holocene and Pleistocene age
are present in the upper 46 m. Extensive deposits of Pleistocene gravels with sands and some
clays are found beneath this depth. Bedrock is at a depth of 168 m and is a deeply weathered
siltstone of the Monterey Shale Formation. The bottom of the hole is in serpentinite that has been
deeply weathered to sandy clay.

EPRI (1993) performed an extensive series of geophysical surveys in the borehole to
measure low-strain in-situ P- and S-wave velocities (Fig. 2) to a depth of 240 m. The seven
measurements made in the top 122 m (400") show the variability in estimates of shear-wave
velocity at this site. For example, in the top 30 m velocity measurements may differ by up to
300 m/sec (1000 ft/sec). In contrast, in the Pleistocene lake deposits all measurements cluster
tightly around 305 m/sec. At greater depths, differences in shear-wave velocity of nearly 600
m/sec (2000 ft/sec) are shown. '

Table 1 is an interpretation of the velocity structure at Gilroy #2 modified from EPRI
(1993). Surface shear-wave velocities of about 230 m/sec more than double to 475 m/sec near
14 m. Beneath this depth the profile contains two low-velocity-zones. The upper zone, with
shear-wave velocities ranging from 305 to 375 m/sec, extends from 22 to 42 m and consists of
mainly Pleistocene lake deposits and the top of the Pleistocene alluvium. Between these two
zones is a thick (40 m) soil with a velocity of 640 m/sec composed of primarily gravels and
gravelly sands. The lower zone extends from 82 to 98 m. Shear-wave velocities range from 475
to 525 m/sec and reflect the increased proportion of clay in the soil at these depths. The velocity
in the soil from 98 m to bedrock is 700 m/sec again reflecting the presence of gravels at these
depths. The bedrock velocity is 1190 m/sec. Profiles of the site geology and the P- and S-wave
velocities at Gilroy #2 and #1 are also given in Fumal et al. (1982) and Fumal (1991).

The average shear-wave velocities in the top 30 m and in the entire soil profile at Gilroy
#2 are 302 and 578 m/sec, respectively. Using the site classification of Borcherdt (1994), the top
30 m is SC-III (stiff clays and sandy soils), while the entire profile is SC-II (gravelly soils)
reflecting the presence of gravels at depths greater than 46 m. The bedrock is also appropriately
classified as SC-Ib (firm rock). For comparison, Gilroy #1 is underlain by moderately weathered
sandstone at the surface, with thin beds of shale at depth as determined in a 20 m borehole
(Fumal et al., 1982; Fumal, 1991). The average shear-wave velocity in the top 20 m is 1230
m/sec and would be classified as SC-Ib (firm rock) by Borcherdt (1994).

In addition, nine undisturbed soil samples were collected for laboratory testing to
determine modulus-reduction and damping curves. From the testing sets of curves were
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developed for the depth range 0 to 12 m (40"), 12 to 24 m (80"), 24 to 40 m (130") and for deeper
than 40 m (Table 2). The effect of gravels in the profile below 40 m produces increased
damping and lower modulus-reduction at greater depths. This effect is counter to the effects of
increasing confining pressure. Low-strain damping values of 3% (Q=17) were measured in the

EPRI (1993) study (Table 2). An extensive discussion of the measurements and testing results
are given in EPRI (1993).

EARTHQUAKE RECORDS

The Gilroy array has recorded a large range of earthquake response (Table 3). The
recorded earthquakes range in local magnitude (M, ) from 4.3 to 7.0. Peak horizontal
accelerations are from 0.04 to 0.37 g at Gilroy #2 with corresponding accelerations of 0.08 to
0.49 g at Gilroy #1. Peak velocities range from 2.2 to 39.2 cm/sec at the soil site with
corresponding velocities ranging from 2.7 to 33.8 cm/sec at the rock site (Table 3).

In this preliminary study only the records from the north-south component from the
Loma Prieta mainshock are used in the equivalent-linear analyses. The north-south base-line
corrected and band-pass filtered acceleration, velocity and displacement time histories for Gilroy
#1 and Gilroy #2 are shown in Figure 3. The peak accelerations are 0.43 and 0.37 g on the
north-south component of Gilroy #1 and Gilroy #2, respectively. The 5% damped response
spectral accelerations for the north-south component at Gilroy #1 and #2 are shown in Figure 4.
This component was selected to facilitate comparison with an input level of acceleration of 0.4 g
in Borcherdt (1994).

SITE RESPONSE ESTIMATION METHOD

The north-south component of the Loma Prieta mainshock ground motion and spectrum
recorded at Gilroy #2 (Figs. 3 and 4) are modeled using the equivalent-linear method to calculate
the seismic response of horizontally layered soil deposits that was implemented in the computer
program SHAKE (Schnabel et al., 1972; Idriss and Sun, 1992). The program computes the
response of a semi-infinite horizontally layered soil deposit over a uniform half-space subjected
to vertically propagating shear waves. The analysis is done in the frequency domain, and
therefore, for any set of properties is a linear analysis. An equivalent-linear procedure (Idriss
and Seed, 1968; Seed and Idriss, 1970) is used to account for the nonlinearity of the soil using an
iterative procedure to obtain values for modulus and damping that are compatible with the
equivalent uniform strain induced in each sublayer. The recorded north-south accelerations at
Gilroy #1 from the Loma Prieta earthquake (Fig. 3) are assumed to be the input motions in the
equivalent-linear analysis.

The initial values for shear-wave velocity, modulus-reduction and damping used in the
equivalent-linear analysis are from a geotechnical model given in EPRI (1993). Tables 1 and 2
are the low-strain shear-wave velocity, modulus-reduction and damping curves used for the best-
fit model, respectively. The shear-wave velocity profile from EPRI (1993) has been slightly
modified to obtain a response spectrum from the equivalent-linear analysis that reasonably
matches the recorded response spectrum from the Loma Prieta mainshock (Fig. 4).

Figure 4 compares the recorded spectrum at Gilroy #2 with the best-fit spectrum from the
equivalent-linear site response analysis. Also shown on the figure is the spectrum of the north-
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south acceleration recorded at Gilroy #1 during the Loma Prieta earthquake. The high-frequency
energy content in the Gilroy #1 spectrum has been reduced in the equivalent-linear analysis.
Over the usable data bandwidth from 0.04 to 7.35 seconds the fit is generally quite good. The
predicted peak acceleration value is 0.47 g within 30% of the observed value of 0.37 g.

The low-strain and strain-compatible shear-wave velocities are compared in Figure 5.
The low-strain in-situ shear-wave velocity has been reduced significantly in the equivalent-linear
analysis. The average velocity in the upper 30 m is reduced 21% from 302 to 249 m/sec. The
average low-strain shear-wave velocity in the 170 m profile is reduced 25% from 578 to 465
m/sec. The fundamental period of the soil profile has correspondingly increased from 1.18 to
1.47 seconds.

VARIATION OF SHEAR-WAVE VELOCITY IN THE TOP 30 M

The shear-wave velocity above 30 m at Gilroy #2 is varied in the equivalent-linear model
using the measured velocities (Fig. 2). The low-strain shear-wave velocities are not varied from
the best-fit model for depths greater than 30 m (Table 1 and Fig. 5). The low-strain modulus-
reduction and damping curves are also not varied (Table 2) in the equivalent-linear analysis.

Five velocity profiles for the top 30 m (100') and the low-strain velocity profile used in
the best-fit equivalent-linear analysis are shown in Figure 6. The lower and upper shear-wave
velocity profiles are from the bounds on the measured velocities (Fig. 2). The average shear-
wave velocity in these profiles is 220 (720 ft/sec) and 355 (1165 ft/sec) m/sec, respectively.
Three profiles with constant velocities of 200 (660 ft/sec), 300 (990 ft/sec) and 375 m/sec (1230
ft/sec) in the upper 30 m are also shown. One of the constant velocity profiles is the average
velocity (300 m/sec) from the low-strain shear-wave velocity used in the best-fit equivalent-
linear model. The other two constant velocity profiles are the minimum (200 m/sec) and the
maximum (375 m/sec) mean shear-wave velocity from Borcherdt (1994) for site classification,
SC-III (stiff clays and sandy soils). These two profiles increase the range of mean shear-wave
velocity beyond the measured range at Gilroy #2 (Fig. 2). They are included in the analysis to
bracket the range of response for this site classification.

The calculated response spectra from these five velocity profiles (Fig. 6) are compared to
the spectrum from the best-fit model and the recorded data (Fig. 7). The recorded peak
acceleration at Gilroy #2 was 0.37 g. The peak acceleration from the best-fit equivalent-linear
model was 0.47 g. Peak accelerations from the five additional velocity profiles range from 0.36
to 0.56 g. The profile with the lower bound shear-wave velocity (Fig. 6) produced the largest
peak acceleration of 0.56 g and the largest spectral response at most periods. The calculated
response spectral acceleration is similar at periods greater than 2 seconds for the six soil profile
models. :

SUMMARY AND DISCUSSION

Borcherdt (1994) proposed that the short- and mid-period amplification factors used to
scale design spectrum could be calculated as a continuous function of mean shear-wave velocity
in the top 30 m (100'). However, there are large differences in the measured shear-wave velocity
at Gilroy #2, a stiff-soil site. In the top 30 m shear-wave velocity differences of 300 m/sec are
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observed (Fig. 2). The measured mean shear-wave velocity in the top 30 m varies from 220 to
355 m/sec, an increase of 60%.

An equivalent-linear site response analysis was performed using the site characterization
at Gilroy #2 (EPRI, 1993) to determine the significance of these measured velocity variations in
calculations of design spectrum in the Borcherdt (1994) methodology. The variation in spectral
acceleration, over a broad range of periods from 0.04 to 7.35 seconds, are compared to the
spectrum computed for soil models with variation of nearly a factor of 2 in the mean shear-wave
velocity in the upper 30 m. For input levels near 0.45 g the spectrum calculated in the several
equivalent-linear analyses match the recorded spectrum at Gilroy #2 reasonably well in this
period range. At high frequencies, the peak acceleration computed in the analysis is from 0.36 to
0.56 g, on average about 14% larger than the observed peak acceleration of 0.37 g at the stiff-soil
site.

A preliminary observation is that the proposed methodology to compute design spectrum
from the average of the shear-wave velocity in the upper 30 m works well for input levels of
motion near 0.4 g. These levels are appropriate for many parts of California. This preliminary
analysis will be updated with the results from an equivalent-linear analysis of the other four
earthquakes with input motions near 0.1 g (Table 3).
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TABLE 1
Shear-Wave Velocity and Lithology for Gilroy #2 (modified from EPRI, 1993)
Thickness (ft) Vs (ft/sec) Thickness (m) Vs (m/sec) Lithology
35 750 10.7 229 Holocene Alluvium
10 1000 3.1 305 Late Pleistocene Alluvium
30 1560 9.1 476 Pleistocene Lake Deposits
31 1000 9.5 305
20 1140 6.1 348 Pleistocene Alluvium
12 1230 3.7 375
132 2100 40.2 640
23 1550 7.0 473
29 1730 8.8 527
238 2300 72.6 701
3900 1189 Monterey Shale
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TABLE 2
Modulus-Reduction, Damping and Q (attenuation) Values for Gilroy #2
(modified from EPRI, 1993)

Strain G/Gmax G/Gmax G/Gmax G/Gmax

(%) ©0-12m) (12-24m)  (24-40m)  (>40 m)
(0-40") (40-80") (80-130)  (>130)
1.0E-4.0  1.00 1.00 1.00 1.00
1.0E3.5  1.00 1.00 1.00 1.00
1.0E-3.0  1.00 1.00 1.00 1.00
1.OE25  0.99 0.99 1.00 0.95
1.0E2.0 091 0.93 0.95 0.81
1.0E-1.5  0.72 0.76 0.80 0.57
1.0E-1.0 047 0.51 0.56 0.32
1.0E-05 024 0.27 0.31 0.14
1.0E0.0  0.09 0.11 0.14 0.05

Strain Damping % Damping % Damping % Damping %
(%) (0-12 m) (12-24 m) (24-40 m) (>40 m)

1.0E-40 3.0 3.0 3.0 3.0
1.OE-3.5 3.0 3.0 3.0 3.0
1.0E-3.0 3.0 3.0 3.0 3.0
1.OE-25 3.0 33 3.2 33
1.0E2.0 35 44 4.1 4.1
1.0E-1.5 47 6.9 6.3 10.0
1.0E-10 75 11.2 10.1 15.9
1L.OE-05 121 17.3 16.0 222
1.0E-00 244 23.5 22.3 27.5
Strain Q Q Q Q
(%) (0-12m) (12-24m) (2440m)  (>40m)
1.0E-40 167 16.7 16.7 16.7
1.0E-3.5 167 16.7 16.7 16.7
1.0E-3.0 16.7 16.7 16.7 15.2
1.0E-2.5 143 15.2 15.6 12.2
1.0E20 106 114 12.2 8.2
1.0B-1.5 67 72 7.9 5.0
1.0E-1.0 4.1 4.5 5.0 3.1
1.0E-0.5 27 29 3.1 2.3
1.0E0.0 2.1 2.1 22 1.8
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TABLE 3
Strong-Motion Data at Gilroy #1 and Gilroy #2 (Notes 1 and 2)

Peak Parameters
Gilroy #2 (stiff soil) Gilroy #1 (rock)
Earthquake M, Comp Acc Vel Disp Dist* Comp Acc Vel Disp Dist*
Name (UCB) (deg) (g) (cm/sec)(cm) (km) (deg) (g) (cm/sec) (cm) (km)

Coyote Lake 5.9 050 020 102 22 14 320 0.12 103 1.7 16
140 026 319 53 (7y 230 010 40 0.7 (8)

Morgan Hill 6.1 360 016 5.0 1.1 383 320 010 2.7 05 39
09 021 125 20 (17) 230 0.07 25 03 (18)

LomaPrieta 7.0 360 037 333 6.7 30 360 043 319 6.5 29
090 033 392 109 (16) 090 049 338 6.3 (15)

Loma Prieta (Note 3) 360 0.04 22 0.2 360 0.08 27 0.1
Aftershock #1 090 003 16 0.1 090 0.06 14 0.1

LomaPrieta 43 360 0.17 4.0 02 23 360 0.11 21 0.1 22
Aftershock #2 090 0.10 30 02 090 0.07 1.3 0.1

* The distances given are epicentral (top) and when appropriate the distance to the nearest point
on the surface projection of the fault inferred from the aftershock distribution (bottom, in
parenthesis).

Notes:

1) The processed data are from Brady et al. (1981), Shakal et al. (1986) and SMIP (1991)
for the Coyote Lake, Morgan Hill and Loma Prieta mainshocks, respectively. The Loma
Prieta aftershock data are discussed in Darragh and Shakal (1991). These processed
records are distributed by SMIP.

2) The filter corner frequencies and the Usable Data Bandwidth vary for each of these
earthquakes. The corner frequencies used for the processed data are:
Coyote Lake: 0.05-0.25 Hz, 23-25 Hz
Morgan Hill: 0.20-0.40 Hz, 23-25 Hz (Gilroy #1); 0.08-0.16 Hz, 23-25 Hz (Gilroy #2)
Loma Prieta: 0.14 to 23.6 Hz (0.04 to 7.35 sec)
Loma Prieta (aftershock #1): 0.40-0.80 Hz, 23-25 Hz
Loma Prieta (aftershock #2): 0.40-0.80 Hz, 23-25 Hz.
The Usable Data Bandwidth for the Loma Prieta earthquake is from
0.14 to 23.6 Hz (0.04 to 7.35 sec).

3) The U.C. Berkeley Seismographic Stations did not estimate the epicenter and magnitude
for the first Loma Prieta aftershock because the motions occurred during the coda of the
mainshock that occurred 86 seconds earlier.
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Fig. 2. Shear-wave velocity measurements at Gilroy #2 (modified from EPRI, 1993).
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SANTA CRUZ MTNS (LOMA PRIETA) EARTHQUAKE OCTOBER 17, 1989 17:04 PDT
GILROY #1 — GAVILAN COLLEGE, WATER TANK: CSMIP S/N 379

PHASE 2 FILTERED DATA: ACCELERATION, VELOCITY AND DISPLACEMENT

USABLE DATA BANDWIDTH: 0.14 TO 23.6 HZ (0.04 TO 7.35 SEC) RECORD ID: 47379-52602-89291.01
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SANTA CRUZ MTNS (LOMA PRIETA) EARTHQUAKE OCTOBER 17, 1989 17:04 PDT
GILROY #2 - HWY 101/BOLSA RD. MOTEL: CSMIP S/N 380

PHASE 2 FILTERED DATA: ACCELERATION, VELOCITY AND DISPLACEMENT

USABLE DATA BANDWIDTH: 0.14 TO 23.6 HZ (0.04 TO 7.35 SEC) RECORD ID: 47380-52603-89291.04
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Fig. 3. The base-line corrected and band-pass filtered acceleration, velocity and displacement for
the north-south component of Gilroy #1 (top) and Gilroy #2 (bottom) from the Loma
Prieta mainshock. The Usable Data Bandwidth of the processed data is from 0. 14 10 23.6
Hz (0.04 to 7.35 sec) (modified from SMIP, 1991).
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Fig. 4. Response spectra (5% damped) for the north-south component
of the Loma Prieta mainshock at Gilroy #1 and #2. Also,
the best-fit spectrum at Gilroy #2 from the SHAKE analysis.

84



Depth (ft)

-100

-150

-200

-250

-300

-350

-400

-450

-500

-550

-600

SMIP97 Seminar Proceedings

Shear-wave velocities at Gilroy #2
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Fig. 5. Low-strain and strain-compatible shear-wave velocities at

Gilroy #2. The low-strain and strain-compatible velocities are
from EPRI (1993) and the best-fit SHAKE analysis, respectively.
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Fig. 6. Variability in the shear-wave velocity in the top 100 ft (30 m)
at Gilroy #2. The low-strain velocity is shown with a thick
solid line. Other velocity profiles are shown with thinner lines.
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Fig. 7. Response spectral accelerations (5% damped) from the north-south
component of the Loma Prieta mainshock at Gilroy #2. The spectrum
from the best-fit and other models with variable Vs in the upper 30 m.
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